Introduction
Suan cai is a traditional fermented vegetable in northeast China that is generally made from Chinese cabbage. Traditional suan cai products are usually prepared from Chinese cabbage. After washing or boiling, the leaves are soaked in a ceramic jar together with salt and pressed under a stone. After lactic acid fermentation for approximately one month at room temperature, the product becomes edible. Currently, suan cai production is gradually becoming commercialized. However, the majority of suan cai production still relies on spontaneous fermentation. The long fermentation period and variable quality are common problems in suan cai production [25] . Therefore, it is necessary and important to shorten the fermentation period and control the fermentation quality for large-scale suan cai production. Many physicochemical changes occur because of microorganisms during vegetable fermentation [20, 24] . Therefore, better control over microorganisms is an effective way to solve the above problems.
Lactic acid bacteria (LAB) are the main functional microorganisms active during vegetable fermentation [7, 11, 17] , such as sauerkraut fermentation, which initially consists of heterofermentation followed by homofermentation [29] . According to the type of fermentation, LAB can be divided into homofermentative (homo-LAB) and heterofermentative LAB (hetero-LAB) [26] . In American sauerkraut, Leuconostoc mesenteroides is the main species during early heterofermentation, and Lactobacillus plantarum is the main species during later homofermentation. According to these results, to lower the salt content and improve the flavor, an inoculant of Ln. mesenteroides was selected to prolong heterofermentation and delay homofermentation and applied in sauerkraut commercialization [4] . In kimchi, a Korean fermented vegetable, Ln. mesenteroides has been shown to be the main functional microorganism and could be used to improve fermentation quality and flavor [15, 16] . It is currently used as an inoculant by many companies [16] .
Culture-dependent and -independent techniques have detected many genera during suan cai fermentation, such as Bacillus, Pseudomonas, Acinetobacter, Klebsiella, Citrobacter, Pediococcus, Weissella, Leuconostoc, and Lactobacillus [32, 38, 39] . As in other types of vegetable fermentation, LAB are the main functional microorganisms. Hetero-LAB and homo-LAB have been isolated and occasionally used in suan cai fermentation, but their effects on suan cai fermentation have not been systematically investigated. Previous studies have shown that L. plantarum, L. brevis, L. minor, L. fermentum, L. casei, L. coryniformis, and L. sakei are present during suan cai fermentation [33, 41] . L. plantarum is often considered the dominant Lactobacillus because of its acid resistance. According to our recent study, Ln. mesenteroides, L. curvatus, L. plantarum, and L. oligofermentans were present in spontaneous suan cai fermentation, and L. curvatus was dominant [39] . In our laboratory, L. curvatus and Ln. mesenteroides have been isolated from the spontaneous fermentation of suan cai. In this study, to determine the effects of homo-LAB and hetero-LAB on the microbial flora during suan cai fermentation, different proportions of L. curvatus and Ln. mesenteroides were inoculated into the fermentation system. The pH, bacterial cell counts, watersoluble carbohydrate contents, organic acid concentrations, and microbial dynamics were then analyzed during the fermentation process.
Materials and Methods

Inoculation and Fermentation
The experiment was conducted at a family factory in Heilongjiang Province, China (Suihua City, China, N46º39', E126º47'). Chinese cabbages (Brassica pekinensis) were fermented using traditional methods, as described previously [39] . Briefly, Chinese cabbages were harvested, air-dried for 2 days, trimmed, and then soaked in a 750-L jar. The proportion of salt to cabbage was 1% (w/w). A lid was then placed on the jar and held in place using a stone. For the inoculated treatments, L. curvatus and Ln. mesenteroides were isolated from spontaneous fermentation and used as inoculants after cultivation in de Man-Rogosa-Sharpe (MRS) medium [6] . Their GenBank accession numbers are KX758114 and KX758113, respectively. After 24 h of cultivation (OD 6 0 0 = 1.5), the bacteria were centrifuged at 5,800 ×g for 3 min. After removing the supernatant, the cells were resuspended in sterile distilled water and mixed at proportions of 4:0, 3:1, 1:1, 1:3, and 0:4 (L. curvatus to Ln. mesenteroides) for use as inoculants. The application rate was 1 × 10 6 colony forming units (CFUs)/g of fresh material. The control included no additional LAB. Three replicates were prepared for each treatment. The jars were fermented for 30 days at 18°C. Sampling was performed after 0, 6, 12, 18, 24, and 30 days of fermentation.
Sampling
At each sampling point, the juice from the third layer under the surface of each jar was pressed out of the cabbage leaves, correlating to approximately 30 ml of fermented juice at each time point. After centrifugation at 5,800 ×g for 10 min at 4°C, the pellet was resuspended in 2 ml of extraction buffer (10 mM Tris-HCl and 40 mM EDTA, pH 9.0). Three samples from three jars of each treatment were collected in one tube, which was stored at −20°C for DNA extraction. The supernatant (0.7 ml) from the centrifugation was added to 0.3 ml of acetonitrile (high performance liquid chromatography (HPLC) grade; DIKMA, USA). After vortexing, allowing to stand for 10 min, centrifuging for 10 min at 10,800 ×g, and filtering through a 0.22-μm filter, the supernatant was stored at −20ºC for HPLC analysis. In addition, 0.5 ml of fermented juice was used for microbiological evaluation. The pressed leaves from each sampling point were oven-dried at 105°C for 3 h and then shredded into 2-mm segments prior to water-soluble carbohydrate (WSC) measurement.
Microbial Counts and Physicochemical Parameters
LAB and other bacteria were enumerated by culturing on agar plates. LAB were cultured on MRS agar [6] under microaerophilic conditions (AnaeroPack Campylo, Mitsubishi Gas Chemical, Japan) for 2 days at 30°C, whereas all other bacteria were cultured on nutrient agar [14] for 2 days at 37°C. Nine plates were counted for each jar. The pH measurements were taken using a pH meter (B-212; Horiba, Japan). The WSC contents of the samples were determined by colorimetry after reaction with an anthrone reagent [31] . An HPLC system (Waters, USA) with a dual λ absorbance detector (Waters) was used to detect and identify organic acids according to the manufacturer's instructions. Chromatographic separation was performed with a high-affinity cation-exchange column (Aminex HPX-87H, 300 × 7.8 mm; BioRad, USA). The column temperature was 40°C, the flow rate was 0.6 ml/min, and the concentration of H 2 SO 4 in the mobile phase was 5 mM. A 30-min run was used for all samples. Statistical analyses using Duncan's test were performed using SPSS 19.0 software (SPSS, Inc., USA). Differences were considered significant at p < 0.05.
DNA Extraction, PCR Amplification, and Illumina MiSeq Sequencing
Bacterial genomic DNA was extracted using the benzyl chloride method [42] . To analyze the composition of bacterial community, the primers 515F (5'-barcode-GTGCCAGCMGCCGCGG-3') and 907R (5'-CCGTCAATTCMTTTRAGTTT-3'), where the barcode is an eight-base sequence unique to each sample, were chosen for PCR amplification [34] . PCR was carried out in triplicate 20-μl reactions containing 1× FastPfu Buffer, 10 ng of DNA template, 0.25 mM dNTPs, forward primer (0.2 μM), reverse primer (0.2 μM), 2 U of TransStart Fastpfu DNA Polymerase (Transgen Biotech, China), and molecular biological grade water. PCR assays were performed using in an ABI Gene Amp 9700 thermocycler (Applied Biosystems, USA) with the following parameters: 95°C for 2 min, 30 cycles of 95°C for 30 sec, 55°C for 30 sec, and 72°C for 30 sec, followed by 72°C for 5 min and a cooling step at 10°C. The PCR products were checked on a 2% agarose gel and purified using an AxyPrepDNA gel extraction kit (Axygen, USA). A QuantiFluor-ST system (Promega, USA) was used to determine the concentration of PCR products [19] .
The purified amplicons were pooled in equimolar ratios and paired-end sequenced on an Illumina MiSeq platform by Shanghai Majorbio Bio-pharm Technology Co., Ltd (China) according to standard protocols. Sequences with an average phred score of less than 20, containing ambiguous bases, homopolymer runs exceeding 6, mismatches in primers, or sequence lengths shorter than 80 bp were removed. Sequences that overlapped by more than 10 bp and without any mismatches were assembled according to their overlapping sequences. Reads that could not be assembled were discarded. Barcode and sequencing primers were trimmed from the assembled sequence. Taxonomic classifications of the effective sequences were conducted using the RDP Classifier (ver. 2.2). The sequences then were clustered into OTUs (operational taxonomical units) at 97% sequence similarity to the sequences deposited in RDPII using RDP project tools [5] . Chao richness, Ace, Shannon, Simpson, and Good's coverage were calculated using Mothur ver. 1.30.1 software from Michigan University [27] . The original paired Illumina MiSeq reads of each sample have been submitted to the NCBI sequence read archive under Accession No. SRP063031. The correlation coefficient γ was calculated using Microsoft Excel 2007.
Quantification of L. curvatus and Ln. mesenteroides in the Fermentation Systems
L. curvatus and Ln. mesenteroides were quantified by quantitative real-time PCR using two pairs of primers: LcurvR (5'-TTG GTACTATTTAATTCTTAG-3') and 16FOR (5'-GCTGGATCACCT CCTTTC-3') [2] ; and Lmes01 (5'-ATGCAAGTCGAACGCACAGC-3') and Lmes02 (5'-AAATGTTATCCCCAGCCTTGAG-3') [10] , respectively. Quantitative PCR monitoring of the amplified products and data analysis were performed on a real-time PCR system (7500, Applied Biosystems) with SDS software. Each reaction mixture (20 μl) contained 10 μl of Platinum SYBR Green qPCR SuperMix-UDG (Invitrogen, USA), 0.4 μl of ROX reference dye, 0.4 μl each of forward and reverse specific primers (10 pmol/μl), 1 μl of DNA solution, and 7.8 μl of PCR-grade distilled water to give a final volume of 20 μl. To obtain standard curves for absolute quantification, a set of serial dilutions of each genomic DNA from L. curvatus or Ln. mesenteroides, which was isolated from the fermented suan cai system, was used as a template. The concentration of DNA was determined using the Fluorescent DNA Quantification Kit (Bio-Rad, USA). The cycle parameters for L. curvatus were as follows: 40 cycles of denaturation at 94ºC for 15 sec, 48ºC for 2 sec, and 72ºC for 50 sec. The cycle parameters for Ln. mesenteroides were as follows: 94ºC for 5 min, followed by 40 cycles of denaturation at 94ºC for 15 sec, 51ºC for 2 sec, and 72ºC for 50 sec. To verify the specificity of the amplifications, a melting curve was obtained using the following cycle: denaturation at 95ºC for 15 sec, a 1ºC increase from 60ºC to 95ºC every 20 sec, and a final step at 95ºC for 15 sec; however, no amplification of the primer dimer was confirmed. Each sample contained three replicates. 
Results
Change in pH of the Fermentation System
In this study, the numbers of inoculated microorganisms were identical in all inoculated treatments. The pH dynamics is shown in Fig. 1 . At 6 days of fermentation, the pH values of all inoculated treatments were lower than that of the control (p < 0.05). After comparison among the inoculated treatments, the pH values of the treatments with L. curvatus only and with L:Ln = 3:1 were the lowest (p < 0.05). From 6 to 12 days of fermentation, the decreases in pH were significant in all treatments. Still, the pH in the control was the highest (p < 0.05) at 12 days of fermentation. The subsequent changes in pH were not significant in any of the treatments (p < 0.05).
Dynamics of Organic Acids
Organic acids of the fermentation system were measured using HPLC. The contents of lactic acid, acetic acid, and propionic acid are shown in Fig. 2 . Lactic acid increased in all treatments during fermentation, and represented the majority of organic acids at the end of fermentation ( Fig. 2A) . Acetic acid at 6 days of fermentation was only observed in the control and the treatment inoculated with Ln. mesenteroides only (Fig. 2B) . As the fermentation progressed, acetic acid gradually increased in the other treatments. At 12 days of fermentation, the content of acetic acid in the Ln. mesenteroides-containing treatments was significantly increased. The acetic acid value in the inoculated treatment with Ln. mesenteroides only was the highest among all treatments (p < 0.05). After 18 days of fermentation, the content of acetic acid in the control increased to the same level as in that with Ln. mesenteroides only (p < 0.05). The acetic acid concentrations in the other treatments also increased during fermentation. At 30 days of fermentation, the contents of acetic acid in all treatments were 0.64 g/l on average. In addition, some propionic acid was detected, and the concentrations increased throughout the fermentation process (Fig. 2C) . At 30 days of fermentation, the contents of propionic acid in all treatments were greater than 1.06 g/l, with an average value of 1.46 g/l.
Bacterial Counts during Fermentation
In this study, bacteria were counted by plate dilution. The CFUs are shown in Fig. 3 . As shown in Fig. 3A , at 6 days of fermentation, LAB were lower in the control than in the inoculated treatments (p < 0.05). LAB increased continuously until 12 days of fermentation. After this point, the differences between the treatments were not significant. The CFUs of other bacteria decreased as time progressed (Fig. 3B) .
Water-Soluble Carbohydrate Content during Fermentation
Changes in WSC in the fermentation system are shown in Fig. 4 . The results showed that WSC decreased throughout the fermentation. During the first 12 days of fermentation, the WSC decreased dramatically and was lower in the inoculated treatments than in the control. The differences among the inoculated treatments were not significant. As the fermentation progressed, the consumption of WSC continued. By 30 days of fermentation, the WSC concentration was approximately 2 g/100 g DM.
Taxonomic Compositions at the Phylum and Genus Levels
A total of 500,929 valid sequences were obtained, with an average of 16,697 (standard deviation = 3,638) per sample (Table S1 ). Rarefaction curves showed similar patterns for all samples (Fig. S1) , suggesting that the bacterial community was well represented because the curves became flatter as the number of analyzed sequences increased. This rarefaction curve indicated a large variation in the total number of OTUs in different samples, but the sequence coverage remained sufficient to capture the diversity of the bacterial communities.
The taxonomic compositions of each of the treatments are shown in Fig. 5 (A, at the phylum level; and B, at the genus level). According to the analyses, Firmicutes, Proteobacteria, Bacteroidetes, Actinobacteria, Cyanobacteria, Fusobacteria, Verrucomicrobia, and unclassified Bacteria were detected at the phylum level across the six treatments. Firmicutes was the predominant phylum across all treatments, followed by Proteobacteria.
In the control, Lactobacillus, Pseudomonas, Leuconostoc, Lactococcus, Enterobacter, unclassified Enterobacteriaceae, Acinetobacter, and Arcobacter were the main detected genera, and Lactobacillus, Pseudomonas, Lactococcus, and Enterobacteriaceae dominated the fermentation process. The highest levels of Lactococcus (45.7%), Lactobacillus (45.9%), Pseudomonas (21.3%), and Enterobacteriaceae (40.8%) occurred at 30, 18, 30, and 6 days, respectively, in the control.
In the inoculated treatments, Lactobacillus, Pseudomonas, and Leuconostoc were all detected during the fermentation process, and Lactobacillus became predominant. Compared with the control, the relative abundance of Lactobacillus in all inoculated treatments was higher. The relative abundance of Pseudomonas in the treatments containing relatively high amounts of L. curvatus (L. curvatus only and L:Ln = 3:1) were higher. As the proportion of Ln. mesenteroides in the inoculant increased, Pseudomonas generally decreased (γ = -0.91). For Leuconostoc, as the Ln. mesenteroides level in the inoculation increased, the relative abundance in the communities also increased (γ = 0.86). The relative abundance of Leuconostoc was the highest in the Ln. mesenteroides-only treatment. Overall, in the inoculated treatments, fewer Enterobacteriaceae were detected than in the control. In the treatment with L:Ln = 3:1, more Acinetobacter and Arcobacter were detected. In the treatment with Ln. mesenteroides only, a relative abundance exceeding 10% for Lactococcus was detected during the early fermentation.
Quantification of L. curvatus and Ln. mesenteroides in the Fermentation Systems
To detect the dynamics and effects of inoculated LAB, L. curvatus and Ln. mesenteroides were analyzed using quantitative PCR (qPCR). The results are shown in Fig. 6 . L. curvatus (Fig. 6A) and Ln. mesenteroides (Fig. 6B) increased during early fermentation, whereas during later fermentation, particularly after 18 days, the DNA mass began to decrease. As shown in Fig. 6A , the DNA masses for L. curvatus were greater in the treatments with L. curvatus and L:Ln = 3:1 treatments than in the other treatments (p < 0.05). From 0 to 18 days, the L. curvatus mass in the treatment with L. curvatus only increased rapidly to 44.7%. Thereafter, no futher increase in L. curvatus mass was observed. From 12 to 30 days of fermentation, the DNA mass in the treatment with L. curvatus only was the highest.
For Ln. mesenteroides, during early fermentation, the DNA mass in the L. curvatus-added (L. curvatus only and L:Ln = 3:1) treatments was lower than in the other treatments (p < 0.05). Starting at 18 days of fermentation, there were significant differences among the treatments (p < 0.05). The DNA mass in the Ln. mesenteroides-only treatment increased until 24 days of fermentation and then decreased. In the treatments with Ln. mesenteroides (L:Ln = 1:3 and L:Ln = 1:1), the DNA mass of Ln. mesenteroides decreased gradually. In the control and the treatments with L. curvatus only and L:Ln = 3:1, the DNA mass of Ln. mesenteroides decreased until 24 days of fermentation. At 30 days of fermentation, the DNA masses of Ln. mesenteroides were significantly different among the treatments. The DNA mass was increased when the inoculating proportion in Ln. mesenteroidessupplemented treatments increased. 
Discussion
Fermented vegetables, similar to other types of fermented foods, harbor various microorganisms. LAB play a particularly dominant role throughout the fermentation process [24, 30] . In this study, to investigate the effects of homo-LAB and hetero-LAB on the microbial flora during suan cai fermentation, L. curvatus and Ln. mesenteroides were mixed in different proportions and used as inoculants. From the physicochemical analyses, we found that decreases in pH mainly occurred during the first 6 days of fermentation. Compared with the control, the pH in the inoculated treatments was lower (Fig. 1) , suggesting that the decrease in the pH in the inoculated treatments occurred more rapidly. The lactic acid concentrations increased in all treatments during 24 days of fermentation (Fig. 2) . The increase in LAB in the inoculated treatments occurred more rapidly than in the control during the first 12 days of fermentation (Fig. 3) . The decreases in WSC occurred mainly during the first 12 days of fermentation (Fig. 4) , and were lower in the inoculated treatments than in the control, which indicated that the consumption of WSC in the control was slower than in the inoculated treatments during the initial period of fermentation. The above changes are similar to previous results recorded during vegetable fermentation [32, 35] . After the consumption of the WSCs of the materials, lactic acid was produced as the main organic acid, and the pH decreased in the fermentation system. These findings also indicate that inoculation could initiate fermentation of the cabbage earlier [36, 37] .
In this study, acetic acid was detected only in the control and in the Ln. mesenteroides-only treatment at 6 days of fermentation (Fig. 2B) , and the concentration of acetic acid was higher in the Ln. mesenteroides-only treatment. This result indicates that there were more acetic acid-producing microorganisms in the control. However, this result also indicates that the inoculated Ln. mesenteroides contributed to greater acetic acid production at the early fermentation when the inoculant was composed of Ln. mesenteroides only [16] . At 12 days of fermentation, three levels appeared in the treatments containing Ln. mesenteroides. This result was possible due to the proportion of Ln. mesenteroides in the inoculant.
Microbial dynamics have been investigated during vegetable fermentation using culture-dependent and -independent approaches [3, 13, 35] . Recently, high-throughput sequencing approaches following direct nucleic acid extraction from samples have become an essential tool for in-depth analysis of microbial diversity in natural ecosystems [9, 23] . In the present study, we used Illumina MiSeq sequencing to analyze the microbial diversity of suan cai with inoculated LAB. The results showed that at the phylum level, Firmicutes, Proteobacteria, Bacteroidetes, Actinobacteria, Cyanobacteria, Fusobacteria, Verrucomicrobia and unclassified Bacteria were detected (Fig. 5) . Proteobacteria and Firmicutes dominated the microbial flora of the fermentation system, particularly Firmicutes. Similar results were observed in the phyllosphere of spinach [8, 16, 22] .
Some reports have shown that Ln. mesenteroides and L. plantarum are the predominant microflora during vegetable fermentation [32, 35, 40] . Ln. mesenteroides dominates heterofermentation, and L. plantarum dominates homofermentation [11] . In our recent study, L. curvatus (homo-LAB) was found to be the dominant microorganism during the traditional fermentation of suan cai. Ln. mesenteroides has also been isolated from the spontaneous fermentation of suan cai [39] . To date, the effects of homo-LAB and hetero-LAB on suan cai fermentation have not been investigated.
In this study, to investigate the effects of L. curvatus and Ln. mesenteroides on suan cai fermentation and select a suitable inoculant for suan cai production, L. curvatus and Ln. mesenteroides isolated from suan cai fermentation were used [18, 39] . The results suggest that the inoculation affected the microbial communities during the fermentation. The relative abundance of Lactobacillus, Lactococcus, and Enterobacteriaceae in the control differed from that in the inoculated treatments. The relative abundance of Lactobacillus was lower in the control, whereas the relative abundance of Lactococcus and Enterobacteriaceae was higher throughout the fermentation process. Lactococcus is known to be a homofermenter that produces lactic acid as the major or only product of glucose fermentation. It has been used in single-strain starter cultures or in mixed-strain cultures with other LAB, such as Lactobacillus and Streptococcus, in the dairy industry [12] . Therefore, Lactococcus combined with Lactobacillus may have contributed to most of the lactic acid production in the control. Enterobacteriaceae are facultative anaerobes and are active at the beginning of fermentation [11] . Most of these species are undesirable in vegetable fermentation, especially in high numbers, as many strains are opportunistic human pathogens [1] . In this study, the relative abundance of Enterobacteriaceae in the control was higher than in the inoculated treatments, although Lactobacillus and Lactococcus existed in the control. This result indicates that increasing the Lactobacillus population might inhibit the growth of Enterobacteriaceae [21] .
In the inoculated treatments, Lactobacillus was predominant during the fermentation, indicating that the addition of LAB decreased the pH rapidly and favored the growth of Lactobacillus [16] . The relative abundance of Lactobacillus was higher in all treatments containing L. curvatus. A distinct change was observed in the relative abundance of Ln. mesenteroides. As the Ln. mesenteroides inoculation increased, the relative abundance of Ln. mesenteroides during the fermentation also increased, resulting in the inhabitation and growth of Ln. mesenteroides in the fermention system [16, 37] . Additionally, we found that the relative abundance of Pseudomonas decreased as the relative abundance of Ln. mesenteroides increased. Pseudomonas is widespread in water and plants. Some species can be used as biocontrol agents, whereas other species can cause food spoilage [28] . A greater concentration of Ln. mesenteroides may inhibit Pseudomonas. Further work is needed to demonstrate this effect. The qPCR results showed that the inoculated LAB inhabited the fermentation system, and accelerated the fermentation process and increased the physicochemical indexes. The abundance of L. curvatus was distinctly higher than that of Ln. mesenteroides. Thus, L. curvatus grew faster than Ln. mesenteroides in the fermentation systems and became the dominant microorganism during the fermentation process.
In this study, to determine the effects of homo-LAB and hetero-LAB on the microbial flora during suan cai fermentation, different proportions of L. curvatus and Ln. mesenteroides were inoculated into the fermentation system. Based on the physicochemical indexes, the addition of LAB was found to lower the pH of the fermentation system more rapidly. The microbial dynamics and qPCR results revealed that the inoculated LAB could inhabit the fermentation system. Inoculation of Ln. mesenteroides as the inoculants could result in greater production of acetic acid early in the fermentation process. As the Ln. mesenteroides inoculant increased, the relative abundance of Ln. mesenteroides during the fermentation also increased. L. curvatus dominated fermentation in the inoculated treatments. The present study provides new information regarding the bacterial community structure during suan cai fermentation and technical information for suan cai production.
